Animal models provide evidence of spleen mediated post-stroke activation of the peripheral immune system. Translation of these findings to stroke patients requires estimation of pre-stroke spleen volume along with quantification of its dayto-day variation. We enrolled a cohort of 158 healthy volunteers and measured their spleen volume over the course of five consecutive days. We also enrolled a concurrent cohort of 158 stroke patients, measured initial spleen volume within 24 h of stroke symptom onset followed by daily assessments. Blood samples for cytokine analysis were collected from a subset of patients. Using data from healthy volunteers, we fit longitudinal quantile regression models to construct gender and body surface area based normograms of spleen volume. We quantified day-to-day variation and defined splenic contraction. Based on our criteria, approximately 40% of stroke patients experienced substantial post-stroke reduction in splenic volume. African Americans, older patients, and patients with past history of stroke have significantly higher odds of post-stroke splenic contraction. All measured cytokine levels were elevated in patients with splenic contraction, with significant differences for interferon gamma, interleukin 6, 10, 12, and 13. Our work provides reference standards for further work, validation of pre-clinical findings, and characterization of patients with post-stroke splenic contraction.
Introduction
There is a growing understanding of post-stroke immunological responses. 1 Alongside the inflammatory responses localized to the brain, there is mounting evidence of post-stroke systemic immunological alterations in peripheral organs and tissues such as bone marrow, blood, and the spleen. 2, 3 Spleen is a lymphoid organ that plays an important role in both innate and adaptive immune responses. Recent pre-clinical studies have focused on characterizing post-stroke splenic responses, and have highlighted the spleen's role in mediating peripheral immune system related secondary brain injury. 4 Multiple mechanisms of post-stroke splenic activation have been described in the literature which include, activation of sympathetic nervous system, 5, 6 production of chemotactic cytokines, 7 and cytokines. 7, 13 It has also been shown that splenocytes specifically home to the site of primary cerebral injury. 14 It has further been demonstrated in experimental stroke models that pre or immediate poststroke surgical removal or irradiation of the spleen attenuates these responses, and results in reduced stroke lesion size and enhanced recovery. 5, [14] [15] [16] [17] [18] [19] The pre-clinical body of evidence raises an exciting possibility that novel therapies can be designed to target the spleen as an approach to modulate post-stroke inflammation and dampen secondary brain injury. [20] [21] [22] [23] [24] However, the road to translation of these findings in the clinical setting is beset with challenges. 25 Despite mounting pre-clinical evidence, post-stroke splenic responses in the clinical setting remain unknown. Our preliminary work suggested that the initial splenic response observed in patients with acute ischemic stroke (AIS) may substantiate some of the pre-clinical studies, in the absence of known normative data. 26 However, determinant factors and reference standards for spleen size and quantification of its day-to-day variability in healthy human populations have not been defined. These standards are a pre-requisite to any further assessment of spleen size in patients with AIS and intracerebral hemorrhage (ICH). We therefore enrolled a cohort of healthy, but at risk population for cerebrovascular disease and followed this cohort serially, assessing spleen volumes daily, over the course of five consecutive days. Furthermore, we expanded the enrollment of stroke patients into our existing protocol, enrolling patients with both AIS and ICH.
We aimed to study the factors that are associated with spleen size in healthy populations, provide estimates of spleen size for a normalized population, explore the day-to-day variation in spleen volume, quantify splenic contraction (SC) in stroke patients, and characterize AIS and ICH patients that undergo SC.
Materials and methods

Selection of healthy volunteers
The age and gender distribution of stroke patients presenting to our hospital from 2007 to 2011 was determined from the University of Texas Houston Stroke Registry (UTHSR). 27 A matched cohort of healthy volunteers (HVs) was enrolled for serial measurement of spleen volumes. The HVs were not excluded on the basis of any comorbidities or risk factors for cerebrovascular disease, however they were not included if they had any acute illness, diagnosed cancer, or other known conditions likely to alter spleen size. After obtaining written consent, the HVs were followed for five consecutive days at approximately the same time each day. They were asked not to alter any dietary or daily routine patterns, and the spleen size was measured using abdominal ultrasound (US) in the supine position without breath holding, as per methods previously described. 26 Two physicians underwent training and inter-rater reliability assessment with a certified sonographer. All three raters participated in spleen volume assessments; however any given HV was followed by the same rater through the course of five days. Demographic, anthropometric, risk factors, and concomitant medication data were also collected.
Recruitment of patients with AIS and ICH
Patients with suspected AIS and ICH who presented to the Memorial Herman Hospital Emergency Department from April 2010 to December 2013 were screened, and eligible patients were consented for serial measurement of spleen volume for seven days or until hospital discharge. The first spleen scan was obtained within 24 h of symptoms onset followed by one at each 24 AE 6 h for seven days or hospital discharge. As the patients were enrolled in the acute setting, the diagnosis of ischemic stroke was confirmed later by conventional clinical and radiological measures. All AIS and ICH patients received standard of care treatment including intravenous tissue plasminogen activator (IV tPA) for eligible AIS patients, based on American Heart Association (AHA) guidelines. Other than expanding the time window for the first scan from 6 to 24 h, the inclusion and exclusion criteria were followed as per our existing protocol. 26 Along with daily spleen volumetric measurements all enrolled patients also underwent daily assessments for the National Institutes of Health Stroke Scale (NIHSS).
Spleen measurements
Details of measurement of spleen size using abdominal ultrasonography have been described. 26 Briefly, these measurements were performed using Philips CX 50 US machine and a phased sector array (5-1 MHz) transducer (Philips Medical Systems, Bothell, WA). Multiple measurements in the sagittal (longitudinal) plane for the length (L) and thickness (T), and in the transverse plane for width (W) at the splenic hilum were obtained for all HVs and patients at each time point. Three sets of these measurements having least degree of variation among them were selected, and the final spleen volume was calculated from the average using the standard prolate ellipsoid formula. The formula incorporates product of one-dimensional diameters WxTxL into the equation
Cytokine analysis
Blood samples were obtained from a subset of stroke patients at two time points. The first sample was obtained within 24 h of stroke symptom onset, whereas the second was obtained at 24-48 h. Whole blood was collected into EDTA tubes (Vacutainer, BD). Within 30 min of collection, blood was centrifuged at 1000g for 10 min. The separated plasma was aliquoted into polypropylene tubes and stored at À80 C. Prior to analysis, plasma samples were completely thawed followed by vortex and centrifugation. Cytokines were detected by magnetic bead based assay (HCYTOMAG, Millipore, USA) on a MAGPIX platform (Millipore) according to manufacturer's protocol. Data were generated and analyzed by xPONENT software. 
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Statistical analysis
Measures for categorical variables were summarized as frequencies and percentages. Based on the distribution of continuous variables, their summary measures were calculated as either means and standard deviations (SDs) or medians and interquartile range (IQR). Standard published methods were used for derivations of body surface area (BSA). 28 Univariate analysis was done to determine demographic, anthropometric, and clinical variables that were most strongly associated with the spleen volume. These factors were then assessed for multicollinearity, confounding, and interactions. Gender and BSA were used to construct percentile based normative predictions of spleen volumes using longitudinal quantile regression. 29 Inter-rater reliability for US based spleen measurements was assessed by estimating concordance coefficients. 30 Stroke patients were considered to have SC if the observed spleen volume was at least 20 cm 3 smaller from the expected volume for the 50 th percentile of a given gender and BSA category. Logistic regression models were fit to determine the association of demographic and clinical factors with SC. Serial NIHSS measurements were analyzed for differences between SC and non-SC patients using simultaneous quantile regression. Mean cytokine levels for patients with and without SC were compared using two sample t test under the assumption of unequal variances. Alpha was set at 0.05 for all statistical testing. Statistical analysis and graphical presentation were done using STATA version 13 (StataCorp, College Station, TX), R (R Development Core Team, 2011, Vienna, Austria), and Microsoft Excel (Microsoft, 2013, Redmond, WA).
Results
Over a six-month enrollment period, 158 HVs were enrolled and a total of 775 spleen volume assessments via abdominal US were completed. The data were complete (all 5 days of spleen volumes obtained) for 145 (91.7%) HVs. For the remaining 13, two individuals had two days of missing data, whereas 11 had only one missing time point. There was no association of missing data with demographic or other measured variables. The concordance coefficients for two raters with the certified sonographer were 0.95 and 0.99, respectively. The age and gender distribution for HVs was not statistically different from the UTHSR data. The serial spleen measurements for HV over the period of five days showed a high degree of statistically significant correlation ( Figure 1 ). The overall five-day median and IQR for spleen volume was 129.6 (94.8-177.6) cm 3 . Over the course of five-day period the median (IQR) spleen volume ranged between 122.8 (93.7-176.6) and 133.4 (96.3-177.3) cm 3 (Figure 2 ).
Gender and BSA-based normograms for HVs
Demographic, anthropometric, and risk factor variables were tested for their association with the spleen volume in HV across five different percentiles (0.1, 0.25, 0.5, 0.75, and 0.9). Gender, height, weight, and BSA were found to be consistently significant across all tested percentiles. The overall median (IQR) volume for females was 109.4 (83.4-143.1) cm 3 whereas it was 157.9 (121.8-202.2) cm 3 for males. The box plots for the spleen volumes of males and females at each measurement day are presented in Figure 3 . Based on statistical association and clinical relevance gender and BSA were selected for estimation of predictive spleen volumes. For the construction of predictive normograms the BSA was categorized into three groups (representing lower half, and upper two quartiles, respectively). Gender-based normograms with estimated spleen volume at 10 th , 25 th , 50 th , 75 th , and 90 th percentiles for each category of BSA are presented as Figure 4 (a) for males, and Figure 4 (b) for females.
The maximum difference in median HV spleen volume between any two consecutive days was noted to be 10.5 cm 3 , whereas the average change in median over the course of five days was 1.5 cm 3 . Based on these findings, AIS and ICH patients with observed spleen volumes at least 20 cm 3 smaller as compared to their expected gender and BSA category volume for the 50 th percentile, were considered to have SC.
SC in stroke patients and biochemical markers
Data from 158 stroke patients are included in these analyses. Based on the defined criteria, 64 (40.5%) patients have SC. Table 1 comparison of demographic and clinical variables for patients with and without SC. The multivariable logistic regression model showed that African Americans (OR: 5.37, 95% CI: 2.47-11.68), patients older than 75 years (OR: 2.52, 95% CI: 1.13-5.60), and patients with past history of stroke (OR: 2.61, 95% CI: 1.09-6.23) have significantly greater odds of having poststroke SC. Patients with SC also had significantly higher presentation and serial NIHSS score, as compared to those who did not have SC (difference in median presentation NIHSS: 4 points, 95% CI of difference: 0.26-7.75 and difference in median serial NIHSS: 3 points, 95% CI of difference: 1.16-4.83). However, admission NIHSS was not statistically different between the two groups in the multivariable logistic regression model.
represents univariate
Blood samples for cytokine analysis were collected from a total of 37 stroke patients at two time points.
This sub-group of stroke patients did not differ from those on whom cytokine analysis was not performed in terms of demographic factors, risk factor profile, and stroke severity. We compared the patients with (n ¼ 15, 40.5%) and without (n ¼ 22, 59.5%) SC for the difference in mean of 13 different cytokines, these are represented in Figure 5 . All 13 cytokines had higher mean values in patients who had SC as compared to those who did not. The differences were statistically significant for interferon gamma (INF g), interleukin (IL) 6, IL-12, IL-13, and IL-10.
Discussion
The experimental evidence around post-stroke activation of the peripheral immune system is overwhelming. 7, 31 The intricate pathways of immune system activation lead to a depressive state of peripheral immunity, the so-called post-stroke immunosuppression or post-stroke immunodeficiency. 3, 32, 33 A strong correlation between post-stroke activation of the immune system and changes in spleen have been described in animal models. 4 These include a reduction in number and apoptotic cell death of splenocytes, changes in cellularity and phenotype of splenocytes, and splenic atrophy. 6, [10] [11] [12] [13] [14] 16, 25 The translation of these findings in stroke patients remain challenging, and require a careful estimation of pre-stroke spleen volume as well as other contributory and confounding clinical factors. We present population-based normograms of estimated spleen volume based on data from age and gender matched HV with our stroke patient population. There are prior studies describing spleen measurements in neonates and children, 34, 35 or in certain specific adult populations. 36, 37 However, the assessment of spleen volumes in a stroke-prone aged population has not been carried out. We found significant differences in spleen volumes of males and females even after controlling for height and weight measurements. These findings substantiate prior work in different population groups. 36 We further provide an estimate of day-to-day variation in spleen volume by following our cohort of HV serially over a period of five consecutive days. To our knowledge, this approach has not been adapted and is necessary to distinguish noise from the actual signal in terms of post-stroke SC. We feel that these estimates will provide a much needed reference for future inquiries into post-stroke splenic responses in terms of volumetric changes.
Our data also provide evidence of substantial SC in a certain subset of stroke patients. We observed that African American patients, patients greater than 75 years of age, and patients with a prior history of stroke had significantly higher odds of post-stroke SC. Prior studies have reported higher probability of a heightened systemic inflammatory response in African American patients as well as in patients with a previous history of stroke. 38 Our findings of SC in these groups potentially substantiate the role of spleen in post-stroke systematic immune response. It is however possible that prior stroke accounts for reduced spleen volume. To our knowledge there are no longterm data for stroke patients on spleen size changes. Worse stroke outcomes for African Americans and older patients have also been reported in the literature. 39 Though a number of factors have been described that contribute to disparate cerebrovascular disease burden in terms of incidence, prevalence, and outcomes in African Americans, 40,41 differential post-stroke peripheral immune response mediated via the spleen may also represent one of the contributory mechanisms for worse outcomes.
We also observed that patients with SC had higher NIHSS on hospital presentation as compared to those who did not have SC. Furthermore, the overall median NIHSS during the course of hospitalization for patients with SC was significantly higher than those who did not have SC. Though the difference in presentation NIHSS did not retain its statistical significance in multivariate modeling (p ¼ 0.09), the difference of four points in median NIHSS at presentation and a difference of three points in overall median NIHSS through the course of hospitalization substantiate evidence from animal models which show association between SC and disease severity. It is possible that statistical significance for presentation NIHSS was not observed owing to the criteria used for quantifying SC. We have also previously reported correlational change in NIHSS with splenic volume for individual patients over the course of hospitalization. 26 Our data demonstrate higher mean values of 13 different cytokines that were analyzed in blood samples of a subset of our stroke patients' cohort. INF g, IL-6, IL-10, IL-12, and IL-13 showed significantly raised profiles in patients who had SC. It is noteworthy that INF g is one of the principal mediators released from the spleen in post-stroke neurodegeneration in experimental stroke models. 19 Evidence from our data also corroborates experimental models showing significantly enhanced levels of cytokine secretion (including INF g & IL-6) from splenocytes following ischemic stroke. 7 The findings from our study are to be viewed in the context of certain potential limitations. Though the HVs were matched in age and gender with our stroke patient population, there were differences in risk factor profile with regard to proportion of HV with known hypertension, diabetes, and atrial fibrillation. There are no data to suggest the influence of risk factors on spleen size. Also the risk factor prevalence in HV may be an underestimate as we captured individual stated risk factors in HV, whereas risk factors are captured on the basis of clinical / laboratory parameters for stroke patients. We therefore believe that our HV sample is fairly representative of an at risk stroke population. There could be potential variability between the raters when assessing spleen size using abdominal US. Our raters underwent training and inter-rater reliability assessments before and during the project and consistently showed high (>90%) agreement on all spleen measurements. We also ensured that a single HV undergoes serial daily measurements by the same rater. In general, splenic measurements with abdominal US are shown to be valid as compared to computed tomography 42 and autopsy-based assessments. 43 We defined SC if the observed spleen volume was at least 20 cm 3 smaller as compared to the expected 50 th percentile volume for given gender and BSA. Quantification of SC has not been previously reported, and would need to be based on pre-stroke estimates of spleen volume in future inquiries on stroke patients. The basis for this quantification is observing up to 10 cm 3 day-to-day variation in the spleen size of HV. It is possible that our definition underestimates the proportion of patients undergoing post-stroke SC. We performed cytokine analyses in a subset of stroke patients, this subset was not different in demographics, risk factors, and stroke severity from those on whom cytokine analysis was not performed. Though we did not find significant association of SC with African American race (p ¼ 0.075), age >75 (p ¼ 0.16), and previous stroke (p ¼ 0.15) in this sub-group, we feel that that this non-significance may be a function of small sample size. The p values and 95% confidence interval limits are generally more indicative of association with these three factors, as compared to all the other variables tested (data not shown). Furthermore, the proportion of patients with SC in this sub-group (40.5%) is similar to the overall proportion of SC in the cohort of stroke patients. We therefore presume that the sub-group of patients on whom cytokine analysis was performed is fairly representative of the larger stroke patients' cohort. Finally, certain other stressors may contribute to SC in stroke patients. The specificity of SC as a potential bio-marker for stroke remains questionable until splenic responses are concurrently described in a control hospitalized population without cerebral pathology. This remains the focus of our ongoing work. Further work is also underway to characterize cellular responses using flow cytometric analysis, and explore association of SC with evidence of sympathetic nervous system activation. manuscript for intellectual content. ADB: Revising the manuscript for intellectual content. ABB: Acquisition of data and revising the manuscript. PS: Conception and design, acquisition of data and revising the manuscript for intellectual content. BY: Acquisition of data and drafting the manuscript. JAA: Conception and design and revising the manuscript for intellectual content. SIS: Conception and design, drafting the manuscript, interpretation of data, and revising the manuscript for intellectual content.
